The joint inversion of Rayleigh wave group velocity dispersion and receiver functions has been used to study the crust and upper mantle structure at eight seismic stations in Cuba. Receiver functions have been computed from teleseismic recordings of earthquakes at epicentral (angular) distances in the range from 30
I N T RO D U C T I O N
The geological setting of Cuba is very complex and can be differentiated, in synthesis, into (i) the foldbelt, which comprises elements from several old tectonic plates like the North American, Caribbean and perhaps the Pacific, and (ii) the neoautochthonous, which evolved entirely on a passive segment of the North American plate margin, after the accretionary process that lead to the formation of the foldbelt (Iturralde-Vinent 1996) . The foldbelt includes Early-Middle Jurassic to Late Eocene rocks and some minor Neoproterozoic elements, and comprises oceanic and continental terrains whereas the neoautochthonous comprises several sedimentary basins of latest Eocene to recent. Most of the North coast of Cuba belongs to the Florida-Bahamas carbonate province whereas most of the southern part consists of metamorphosed sedimentary and acidic igneous rocks. In between, as a result of the contact between the Bahamas platform and the Cuban island arc, there is a relatively narrow, extremely folded and faulted belt, which contains ultra-basic igneous rocks and many types of volcanic and volcanicderived sediments (Pardo 1975) .
Satellite photograph interpretation (Bush & Shcherbakova 1986 ) has been used to refine the position of Cuba's 'axial fault' (Fig. 1) , which extends for more than 800 km along the entire island. Bush & Shcherbakova (1986) interpreted this 'axial fault' as the southern boundary of the contact zone between the Cuban island arc and the Bahamas platform. Based on the joint interpretation of gravity and seismic refraction data, they found drastic changes in the crustal thickness across this obduction (Coleman 1971) zone where the overthrusting of Bahamas platform by Cuban island arc occurs. Another remarkable change of the crustal thickness occurs across Cauto-Nipe fault ( Fig. 1) , that Otero et al. (1998) consider as a division between transitional and oceanic crust.
The characterization of the crust is, so far, mainly based on seismic refraction methods combined with gravimetric data, deep drilling and satellite photographs (Shcherbakova et al. 1978; Bovenko et al. 1982; Bush & Shcherbakova 1986 ). In a recent study, Moreno (2003) used teleseismic recordings of the seismological network of Cuba to estimate the crustal structure at the seismic stations, by means of the receiver functions (RF) technique. The lower part of the lithosphere and upper asthenosphere in Cuba is only known by global and regional studies using P-wave travel time tomography (e.g. Van Der Hilst 1990; Montagner & Kennett 1996) and, more recently, by using the surface wave dispersion analysis (e.g. Vdovin et al. 1999; Gonzalez et al. 2007 Gonzalez et al. , 2011 . Moreno 2003) and USGS used in this study. Triangles represent the seismic stations used in this study; the dashed line represents the 'axial fault'; the dotted line represents the 'Cauto-Nipe fault'; barbed lines represent plate boundaries (modified from Gonzalez et al. 2011). Rayleigh waves arise from the presence (boundary conditions) of the stress free surface of the Earth, and, are dispersive in the presence of layering. They provide valuable information on the absolute Swave velocity (V s ) but are relatively insensitive to sharp vertical velocity contrasts. On the other hand, RFs are sensitive to S-wave velocity contrasts, which give rise to converted phases, but allow for substantial trade-off between the depth and velocity above an impedance change (Ammon 1991) . The combination of both kinds of information in a joint inversion minimizes the resolution gaps associated with each individual data set (Ozalaybey et al. 1997; Julià et al. 2000 Julià et al. , 2003 Julià et al. , 2005 Gök et al. 2008) .
Considering the availability of surface wave's dispersion data in the Caribbean region (Gonzalez et al. 2007 (Gonzalez et al. , 2011 and the recent teleseismic recordings of the stations in Cuba, we perform a joint inversion of RFs and surfaces wave dispersion to constrain, in the region below the seismic stations, the distribution of shear wave Table 1 . List of the teleseismic records used in the receiver function measurement.
From previous study (Moreno 2003) From this study velocity versus depth in the lithosphere-asthenosphere system. Where possible, the new results are compared with the ones available in literature.
DATA P R E PA R AT I O N
RFs are time-series computed from three-component body wave seismograms and sensitive to the Earth structure below the receiver. They are computed deconvolving the vertical component of the selected earthquake signal from the corresponding horizontal component. The main conditions to be satisfied by the seismic events to be selected at a given receiver are: epicentral distance ranging from 30
• to 90
• and a good signal-to-noise ratio. The RFs for 25 earthquakes (Table 1) recorded at eight seismic stations of the National Seismological Network of Cuba ( Fig. 1 and Table 2 ) have been computed. Several new data are added to the RFs selection performed by Moreno (2003) , whereas few of them have been rejected because of the poor signal-to-noise ratio.
The preparation of data has been done with the SAC software (Goldstein 2003 ) and the RFs have been determined using the Gaussian factors of 0.5 (f < 0.25 Hz), 1.0 (f < 0.5 Hz) and 2.5 (f < 1.25 Hz), with the Ligorría & Ammon (1999) procedure, which uses the iterative time-domain deconvolution technique.
The fundamental-mode Rayleigh wave group velocities, in the period range from 10 to 40 s, have been taken from the pertinent 2 × 2
• tomographic cell given by Gonzalez et al. (2011) . Such relations have been extended to longer periods using the results of Vdovin et al. (1999) that are ranging from 50 to 150 s. The experimental errors of these measurements, at the periods considered, vary between 0.06 and 0.09 km s -1 .
The starting models of the linear joint inversion procedure are the set of models determined by the non-linear inversion of the cellular dispersion curves in the Caribbean region (Gonzalez et al. 2011) , which correspond to the cells where the stations are located. Such models are chosen because they fulfil the following conditions:
(1) The stations are within cells, whose models are defined with adequate resolution, located in the region studied by surface wave tomography (Gonzalez et al. 2011) .
(2) These cellular models are the solutions of the non-linear inversion of dispersion curves.
(3) In each cell, each model differs from the others by at least ± P i for one of the free parameters P i (thickness, V s ), where P i is consistent with the resolving power of the dispersion data, as described by Panza (1981) .
(4) They allow to minimize the drawbacks intrinsic in the linearization of a non-linear inverse problem. Because the joint linear inversions are reliably performed varying only the velocity in the layers, and not their thickness, the layering (i.e. the subdivision into physically different layers) of the initial structural models should be consistent with the resolving power of the available data. The layering of the initial models is consistent with the resolving power of the surface wave data but, to determine the optimum layering for the RF data inversion, the partial derivatives of the RF with respect to the thickness of the layers (for values equal to 1, 2, 4 and 10 km) until the maximum depth of 350 km have been calculated (see an example in Fig. 2 ). On account of the definition of resolving power described by Panza (1981) , and to avoid oversampling in the initial structural models, the following layering has been adopted:
(1) Up to 36 km of depth all layers have the same thickness equal to 2 km.
(2) In the range from 36 to 90 km the layers' thickness is fixed equal to 4 km; this choice is similar to those adopted in previous studies in other regions worldwide (e.g. Julia et al. 2003 Julia et al. , 2005 .
(3) Below 90 km and until 350 km of depth, considering the low resolution of the RF at these depths evidenced by the values of their partial derivatives (e.g. Fig. 2 ), the layering is fixed in accordance with the resolution of the surface waves data given by Gonzalez et al. (2011) .
The rules (1) to (3) are based on the following stability test: the layers resulting from the non-linear inversion (of surface waves) have been subdivided into sublayers with thickness equal to the 'incremental step' used in the non-linear inversion, divided by 1, 1.25, 1.5 and 2. An example of the final results obtained in the four cases is illustrated inFig. 3, relative to station MOA. In general, the results show that the models obtained: (i) are internally consistent, (ii) their dispersion curves are consistent with the dispersion data (and the related experimental errors) and (iii) the percentage of fit for their RFs are similar. For this reason, to avoid an oversampling in the parametrization and to exploit the resolving power of the RFs, we use the 1.25 dividing factor in the sublayering generation. Final results obtained with the four stability tests performed at station MOA. The starting thickness of the layers in the initial models (15 in total) is determined by Gonzalez et al. (2011) , using in the inversion the 'incremental step' (IS), calculated on the base of the resolving power of dispersion data. The initial layering has been refined considering sublayers with thickness equal to the corresponding IS divided by 1 (a), 1.25 (b), 1.5 (c) and 2 (d), respectively. For each case, the percentage indicates the maximum value obtained for the fit (between theoretical and experimental RFs) considering all the initial models.
J O I N T I N V E R S I O N P RO C E D U R E
The joint inversion procedure is based on two existing programs: SURF (Herrmann 1987) for surface wave dispersion inversion and BODY (Ammon et al. 1990 ) for RFs inversion. Julia et al. (2000) developed the program JOINT to connect these procedures. All these programs are accessible in the software package Computer Programs in Seismology (Herrmann & Ammon 2002) .
Considering (i) our main interest in mapping the crustal and upper mantle layers, () the characteristics of our data set, which has poorly constrained features (small amplitude arrivals) after 35 s in the RFs and (iii) the starting models, we parametrized the layers down to the uppermost upper mantle (about 90 km of depth) and for this reason, in the joint inversion, we consider the first 40 s of the RFs. In the inversion the damping factor, which balances the trade-off between resolution and stability (Julia et al. 2000) , is fixed as σ = 0.5. The influence parameter p, which controls the relative importance of RF and dispersion data, varies from 0.1 to 0.5 (Table 3) . Its value has been chosen by trial and error in order so that the resulting models have (i) best percentage of fit for the RF, and (ii) dispersion curves consistent, within the errors, with the experimental data. All the layers of the initial models are inverted, but the weights of the uppermost crustal layers vary between 0.1 and 0.8. This choice has been adopted on account of the available independent information (e.g. from seismic profiles) and of the relatively poor resolving power, in the uppermost layers, of the dispersion values at periods longer than 10 s.
For each initial model, the iterations of the linearized inversion are controlled by a misfit function: it controls the variation of the average of the percentage of fits between the experimental and the theoretical RFs, associated to the selected earthquakes, and to the different chosen frequency bands (see the section Data preparation). The iterative process is terminated when the improvement of the misfit function from one iteration to the next is less than 0.05 per cent.
To obtain physically reasonable earth models, and to avoid unrealistic thin layers because of possible artefacts of the procedure (e.g. oversampling of layers), all the resulting models have been slightly smoothed with the following criteria: adjacent layers whose velocities differ by less than 0.05 km s -1 are merged into a single layer whose thickness is equal to the sum of the thicknesses of the merged layers and velocity is the weighted (by thickness) average of the velocities of the merged layers; layers with a thickness smaller than the one suggested by the resolving power of the data (remaining from the sublayering generation) are removed and their thickness is proportionally assigned to the neighbouring layers (above and below). The resulting smoothed models have been used as input for a new inversion (see an example in Fig. 4) : as a result, the RF percentage of fit increases, with respect to the previous non-smoothed resulting models, for most of the stations, whereas it decreases (by less than 1 per cent) for just a few ones; the fit for the dispersion curves remains consistent with the experimental data and their errors.
The final model for each station is chosen according to the following two criteria: (i) it is the solution with the best percentage of fit for the RFs (see Table 3 and an example of RF fit in Fig. 5) , and (ii) it corresponds to a dispersion curve whose difference with the experimental data at each period is within their corresponding experimental errors and the standard error with respect to observed group velocities (Table 3) is less than 0.045 km s -1 , that is equal to the value of rms used by Gonzalez et al. (2007) .
R E S U LT S A N D D I S C U S S I O N
The results of the joint inversion, summarized in Tables 4, 5 and 6 and shown in Fig. 6 , improve the detail about the main characteristics of the lithosphere-asthenosphere system below the seismic stations in Cuba. Important features like crust-mantle boundary, the thickness of the lithosphere and the possible presence of subducted slab(s) are well evidenced. From west to east of the Cuban island, the model in the Soroa station (SOR; see Fig. 7 and Tables 4 and 5), located in its western part (Fig. 1) , indicates that the Moho is at a depth of about 24 km and that a well pronounced low velocity channel is present in the lower crust. These features are consistent with the presence of an accretionary type of crust possibly as a result of the obduction process (Coleman 1971) , where ophiolitic slices of the oceanic realm are buckled and squeezed on top of the continental lithosphere. The lithospheric thickness is about 80 km and at a depth of ∼90 km, a stack of layers (approximately 100 km thick) characterized by relatively high velocities (ranging from ∼4.5 to ∼4.75 km s -1 ) may indicate the presence of a subducted lithosphere, well in agreement with the past north-south compression (e.g. Pindell & Kennan 2009 ).
The results for Manicaragua station (MGV) have one of the poorest percentage of fit of RF (Table 3) , which could be motivated by the less (with respect to the other stations) favourable signal-tonoise ratio. The results for this station (Fig. 8) indicate relatively low velocity values in the upper crust whereas in the lower crustal layers the velocity is relatively high. The crust-mantle boundary is present at a depth of about 26 km and the velocities are relatively low in the upper mantle (even with respect to the initial model). The lithosphere is ∼75 km thick and a possible subducted slab, about 40 km thick, is seen below ∼125 km of depth.
The results for Cascorro station (CCC), in agreement with the good signal-to-noise ratio, show one of the best percentage of fit for the RF. The resulting model for this station (Fig. 9) shows a crustal thickness of about 30 km, consistent with the values proposed by previous studies in the zone (e.g. Bovenko et al. 1982; Bush & Shcherbakova 1986; Otero et al. 1998; Moreno 2003; see Table 6 for the comparison). In the crust, pronounced low velocity layers are present, which could be motivated by the obduction by earlier overthrusting of the Bahamas platform by the Cuban island arc; this feature, and a lithospheric thickness of ∼75 km, are consistent with the presence of an accretionary type of crust. There is evidence of a subducted slab in the mantle, from ∼110 to ∼140 km depth.
In the eastern region of Cuba, 5 broad-band stations are located where the tectonic processes are most intensive (Arango 1996) and the Bouguer anomalies have their highest values (Cuevas et al. 2001) . Las Mercedes station (LMG) is located in a zone where important gradients in Bouguer anomalies occur (Cuevas et al. 2001) , close to the Cauto-Nipe system fault (CNF; Fig. 1) , where a remarkable change in the crustal thickness takes place (Bovenko et al. 1982; Bush & Shcherbakova 1986; Otero et al. 1998) . For this station the noise-to-signal ratio is relatively high with respect to the others stations, and naturally the percentage of fit for the RF is the poorest (see Table 4 ). The results for the joint inversion show the Moho at a depth of about 25 km and some thin low velocity layers in the crust (Fig. 10) , which is typical of the accretionary type of crust. The lithosphere is about 65 km thick and this value is consistent with an oceanic type of structure (e.g. Panza 1980 ). In the depth range between ∼100 and ∼155 km, a stack of relatively high velocity layers is found that could be explained by the presence of a subducted lithospheric slab. This feature is present also in the others stations in the southeastern part of Cuba, like Rio Carpintero (RCC; Fig. 11 ) and in Guantanamo (GTBY; Fig. 12) , consistent with the presence of a subducted slab, with varying thickness and depths, that could be explained by the underthrusting of this region by the Caribbean plate. This underthrusting, suggested by Enman et al. (1997) , could be the origin of the Santiago deformed belt, related to the north-south compression, starting at about 78
• W and continuing all the way to the east, along the southern Cuban margin (Calais et al. 1998) . In the mountain area, which includes both stations, the Sierra Maestra Mountain, an emerged relief, with approximately a 2 km high range, contains two different volcanic arcs of Cretaceous and of Paleogene age (Rojas-Agramonte et al. 2008) . To the south of this area, a submarine depression, more than 6 km deep (Bartlett or Orient trench in the Gonave microplate reported in Fig. 1 ), is present. These features are in agreement with the hypothesis that the subducted slab has a Caribbean origin. The focal mechanisms available for the recent earthquakes occurred along the southeastern coast of Cuba show (Fig. 13) typically a reverse style of faulting (or reverse, with a small strike-slip component), and the seismicity in this area deepens going from South to North, as it is shown in the seismicity profiles around LMG and GTBY stations (Fig. 13) . These features not only support the underthrusting but also indicate that, even if with reduced intensity, the process is still ongoing. Table 4 . V s models derived from the joint inversion of dispersion relations and RFs. For each column, the thick line separates the crustal layers from the mantle ones, whereas the shadowed area indicates the layers evidencing the presence of a subducted slab in the mantle. Figure 6 . For each station, the initial models, taken from the cellular (2 • × 2 • ) models defined by Gonzalez et al. (2011) and final models, obtained from the joint inversion procedure, are shown on the left-hand side and right-hand side, respectively. Under the RCC station (Fig. 11) , the oceanic crust has a thickness of about 16 km, in agreement with the classification made by Tenreyro et al. (1994) , and fully consistent with earlier refraction seismic profiles (e.g. Bovenko et al. 1982; Otero et al. 1998; Moreno 2003) . The lithospheric thickness is about 93 km, which is a value commonly encountered in relatively young oceanic lithosphere (e.g. Panza 1980 ), whereas at a depth between ∼130 and ∼190 km the subducted lithospheric slab is seen, deeper than under station LMG.
The GTBY station (Fig. 12) , located 80 km to the east of RCC, also reveals an oceanic type of crust. The Moho is about 19 km deep, the lithospheric thickness is of about 76 km and the subducted slab is seen at a depth between ∼90 and ∼150 km. In both stations (RCC and GTMO) the uppermost layers in the mantle, about 26 km thick, have a relatively low V s which is consistent with the presence of oceanic lithosphere in an area tectonically active (Anderson 1989) , as evidenced by its seismicity (Alvarez et al. 1999) . Fig. 14 shows the result for the MOA station, where the crust is about 26 km thick, slightly thinner than in a previous study by Moreno (2003) (Table 6 ). Such thickness and the presence of crustal layers with relatively low velocity values are in agreement with an accretionary type of crust related to the presence of a compressional deformation between the Bahamas platform and the Cuban Island arc in the north coast of Cuba . The lithosphere is about 130 km thick and there is no evidence of a subducted slab.
At the easternmost part of Cuba, and at a distance of 80 km from MOA, the Maisí station (MAS; Fig. 15 ) sits on crust that is about 30 km thick and has a pronounced low velocity layer in its upper part. As in MOA station, this type of crust seems to be of accretionary type and it could be related with the compressional deformation between the Bahamas platform and the Cuban Island . The lithosphere below the Maisí station is about 150 km thick, and there is no clear evidence of a subducted slab.
The models obtained for the MOA and MAS stations are different with respect to the ones reported in earlier studies by Otero et al. (1998) (Table 6 ). They suggest, by extrapolation of refraction seismic profiles and gravity data, that the stations MOA and MAS are sitting on an oceanic crust; however, there is no seismic profile close to this area to support their hypothesis. Our results evidence the presence of a thick accretionary type of crust, consistent with the presence of the 'Mayarí-Baracoa Belt', located in the easternmost part of the E-W trending Cuban Ophiolitic Belt (Iturralde-Vinent 1996) as result of the obduction process in the compressional deformation between the Bahamas platform and the Cuban Island .
C O N C L U S I O N S
The joint inversion of dispersion curves and RFs, performed for all the broad-band stations in Cuba, allows us to get a relatively fine structure for most of the models for the crust and upper mantle structure in the Cuban region. Some new important features of the lithosphere and asthenosphere system, including the Moho depth, the lithosphere-asthenosphere transition zone and the presence of subducted slabs, have been delineated below the seismic stations in Cuba. The presence of accretionary crust, with different crustal thickness resulting from the obduction process, is evident below all the stations except those located in the southeastern part of the island, where the oceanic type crust is predominant. For stations RCC and GTBY, the crustal and lithospheric thickness is fully consistent with an oceanic setting, whereas the low velocity channel in the upper mantle is seen in the zone where important tectonic processes occur. The models at the stations SOR, MGV, CCC, LMG, RCC and GTBY indicate the presence of a subducted lithospheric slab, possibly explained as the (present or past) result of the north-south collision between the Caribbean Arc and Bahamas platform (Pindell & Kennan 2009 ). On the other end, the models obtained for MOA and MAS stations (close to the northern coast of the island) do not show evidences of such subducted slab and are characterized by a thick crust, with a clear low velocity layer and by the thickest lithosphere, when compared to that under the other stations. Such results are not only in a better agreement with the presence of an accretionary type of crust, as a possible result of an obduction process in the compressional deformation between the Bahamas platform and the Cuban Island , than with the presence of oceanic type crust, as proposed in previous studies (mostly based on the extrapolation of shallow seismic profiles (e.g. Otero et al. 1998) , but are also consistent with the general model of westward drift of the lithosphere (e.g. Doglioni et al. 2007 Doglioni et al. , 2009 ).
A C K N O W L E D G M E N T S
The authors are grateful to the National Seismological Service of Cuba and the USGS, which provided the data used in this study as well as the staff of the Department of Mathematics and Geosciences of the University of Trieste, for their support with software and hardware facilities. The authors want to express their thanks to Dr. Jose Leonardo Alvarez Gomez, from the National Center for Seismological Research (CENAIS) and the anonymous reviewers for their comments that greatly improved this work. The present work is done with the financial support of the Associate Scheme, TRIL and SAND group of the 'Abdus Salam' International Centre for Theoretical Physics, the Ministry of Science, Technology and Environment of Cuba, and the Italian Programma Nazionale di Ricerche in Antartide (PNRA) 2004/2.7-2.8 and (PNRA) 2009/A2.17.
